INTRODUCTION
============

*Escherichia coli* (*E. coli*) is the most frequent nosocomial pathogen and a major contaminant in catheter associated with urinary tract infections (UTI) ([@b21]). The adhesion of *E. coli* is thought to be the first step in the pathogenesis of this type of infection. A previous study has demonstrated that hydrophobicity plays an important role in a wide range of microbial infections ([@b10]). Therefore, the understanding of the adhesion process requires detailed knowledge of the physicochemical properties and their chemical origins.

The microbial adhesion to a surface is mediated by different physicochemical interactions including lifsthitz van der Waals, electrostatic and acid-bases interactions. These interactions depend on the substratum and the bacterial surface's physicochemical properties, such as hydrophobicity ([@b25]), charge ([@b9],[@b14]) and electron donor /electron acceptor ([@b26]). All these properties are determined by the outermost cell surface's chemical composition. In order to understand the adhesion process, most previous works ([@b2],[@b3],[@b8],[@b19]) have used this chemical composition to explain the origin of the physicochemical properties.

The chemical composition of cell surface was determined by X-ray photoelectron spectroscopy (XPS). This technique provides information on the elemental and chemical functions' composition of the outermost cell surface (2 to 5 nm) ([@b3],[@b7]). Moreover, the XPS data can be converted into a molecular composition in terms of proteins, polysaccharides and hydrocarbon-like compounds using a model constituent ([@b11]). Understanding the origin of physicochemical properties requires an investigation of the relation between all phyiscochemical properties and all XPS data including elemental, molecular and functional composition. For instance, most previous works ([@b2],[@b3],[@b5],[@b6],[@b8],[@b13],[@b15],[@b17],[@b19],[@b20],[@b22]-[@b24]) have explained the origin of hydrophobicity and electrophoretic properties by the relation between these properties and the elemental composition on one hand and the molecular composition on the other hand.

Functional groups' composition was obtained by the decomposing XPS peaks, where each peak is specific for a given element. Previous studies ([@b11],[@b12],[@b15]) have examined the relation between the functional groups and the elemental composition in order to determine the nature of the molecular constituents present at the cell surface. Information about the role of functional groups in determining the origin of physicochemical properties is very limited ([@b6],[@b20]).

In this study, we have used the functional groups' composition to explain the origin of *E. coli* surface's physicochemical properties. The relation between the functional groups composition and hydrophobicity on one hand and the surface charge on the other hand was examined.

MATERIALS AND METHODS:
======================

Bacteria
--------

Three *E. coli* strains used are: (i) HB101, a K12 strain, non-pathogenic; (ii) 382 and (iii) AL52, both isolated from patients with urinary tract infection. Each strain was grown either in Liquid Luria Bertani medium (LLB) or on Solid Luria Bertani agar (SLB). Bacteria were cultured at 37ºC in two steps: preculture during 18h and culture during 22 h.

Surface physicochemical characterisation
----------------------------------------

Bacteria electrical properties were characterized by measuring their electrophoretic mobility. The cells were washed twice with 0.9% NaCl solution, and treated with 1% formol solution during 20 min at room temperature to eliminate the bacterial motility. The formol was removed by centrifugation and the bacteria were suspended in distilled water. A portion of this suspension was diluted in 10^-3^ M KNO~3~. The pH was adjusted by HNO~3~ or KOH and the electrophoretic mobility was determined with a zetameter Zm77 (Zeta-meter Incorporation, New York).

Cell surface hydrophobicity was estimated by water contact angle (θw) measurement on cell lawn using the sessile drop method ([@b4]). Briefly, bacteria were deposited on membrane filters (0.45 um Sartorius), after a standard drying time (90 min) contact angle were measured with a goniometer (Kruss -Germany).

XPS analysis
------------

Bacteria were collected by centrifugation, suspended in distilled water and washed twice. The pellet was kept frozen at −80ºC. Samples were lyophilized in a Lyovac GT4 (Leyobold Heraeus). The elemental composition of the cell surface was determined by XPS using a SSX 100 Spectrometer (Model 206, Surface Science Instruments), with A1-anode for X-ray production; experimental details were described previously ([@b18]).

The functional composition was obtained by the decomposition of XPS peaks, using least-squares curves fitting. The carbon peak was decomposed into three components set at 284.8 eV, 286.2eV, 287.9 eV representing carbon singly bound to carbon and hydrogen (C-(C,H)), carbon singly bound to oxygen or nitrogen (C-(O,N)) and carbon making a double bond or two single bonds with oxygen (C=O) respectively. The oxygen peak was decomposed into two components set at 531.2 eV, 532.6 eV representing oxygen making a double bond with carbon (O=C) and oxygen involved in hydroxide or ether functions (OH, C-O-C).

RESULTS AND DISCUSSION
======================

Surface physicochemical analysis
--------------------------------

*E. coli* cell surface's hydrophobicity and electrophoretic mobility (EPM) are presented in [Table 1](#tbl1){ref-type="table"}. Values of water contact angle obtained from all *E. coli* strains ranges from 17º (AL52 strains (SLB)) to 36º (382 strains (LLB)), indicating that these strains are hydrophilic. From [Table 1](#tbl1){ref-type="table"}, it is also shown that the EPM at pH 7 is ranging from −4.39 (HB 101 strains (LLB)) to −1.98 (AL52 strains (LLB)).

###### 

*E. coli* physicochemical properties

  *E. coli* Strains   Culture medium   EPM(7) at pH (10^-8^ m^2^V^-1^s^-1^)   water contact angle (θº)
  ------------------- ---------------- -------------------------------------- --------------------------
  **AL52**            **LLB**          -1.98 (0.20)                           20 (2)
                      **SLB**          -2.5 (0.09)                            17 (2)
  **HB101**           **LLB**          -4.39 (0.05)                           28 (3)
                      **SLB**          -3.44 (0.06)                           26 (3)
  **382**             **LLB**          -2.92 (0.36)                           36 (3)
                      **SLB**          -3.46 (0.02)                           25 (2)

EPM: Electrophoretic mobility at pH 7; results are mean values of two replicate experiments with simple deviation in parentheses..

Functional groups' composition of *E. coli* cell surface, determined by XPS, is given in [Table 2](#tbl2){ref-type="table"}. We found that a relatively high proportion of carbon peak was in the (C-(C, H)) form. These observations were not consistent with [@b1] results that showed that in gram negative bacteria, a relatively high proportion of carbon was in the C-O or C-N form. Most of the oxygen was engaged in a hydroxide form. These observations were, however, consistent with [@b1] finding.

###### 

Surface functional composition of three *E. coli* cultivated under different conditions (atom fraction (%) excluding hydrogen; mean of at least two analyses of cells from independent cultures).

  *E. coli* Strains   *Culture medium*   C-(C,H) 284.8 eV   C-(O,N) 286.2 eV   C=O 287.9 eV   O=C 531.2 eV   OH, C-O-C 532.6 eV
  ------------------- ------------------ ------------------ ------------------ -------------- -------------- --------------------
  **AL52**            **LLB**            32.1               24.2               9              6.8            20.8
                      **SLB**            24.6               26.9               11             8.2            22.8
  **HB101**           **LLB**            36.5               20.1               8.6            10.6           16.2
                      **SLB**            38.7               19.5               8.2            9.5            15.9
  **382**             **LLB**            38.5               18.5               9.9            10.2           12.2
                      **SLB**            30.2               21.8               10.7           10.5           16.2

Surface charge and functional groups' composition
-------------------------------------------------

In order to point out the groups involved in determining the surface charge, the majority of the works ([@b1],[@b2],[@b18],[@b19],[@b20],[@b22]) have examined the relation between the elemental composition determined by XPS and the electrophoretic mobility at pH 4 or at pH 7. In these studies, it was reported that the phosphate groups play a predominant role in the surface charges development while the participation of carboxyl groups in this charge was minor.

Few studies ([@b3],[@b8],[@b16]) have reported that both of the carboxyl and phosphate groups contribute in the determination of the cell surface charge. These studies have modelled the surface charge according to the surface chemical composition as given by XPS. Investigating the relation between electrophoretic mobility and the modelled surface charge has emphasized the role of carboxylic groups in the surface charge.

All previous studies were based only on elemental composition to explain the origin of the surface charge. In this study we attempt to investigate the role of functional groups' composition of *E. coli* surface charge. [Fig. 1](#fig1){ref-type="fig"} shows that there is a good correlation between the electrophoretic mobility at pH 7 and the (O=C) functional groups. This implies that the electrophoretic mobility becomes more negative as the (O=C) functional group increases. These results suggest that (O=C) functional groups play an important role in determining *E. coli* negative surface charges.

![Relation between electrophoretic mobility and O=C function (r = 0.78)](bjm-39-10-g001){#fig1}

It is known that carboxylic acid is included in (O=C) and in (C=O) functional groups, however we suggest that the role of (O=C) in the surface charge could be attributed to the presence of a carboxylic acid in this function. These findings reveal that carboxyl groups contribute to the surface charge determination, and are in accordance with other reports based on modelled surface charge ([@b3],[@b8],[@b16]).

Our data do not suggest any correlation between the electrophoretic mobility and other functional groups. The absence of a relation between the C=O and surface charge could be attributed to a proportion of oxygen bound to carbon in C=O form and to oxygen bound to carbon in O=C form.

Hydrophobicity and functional group's composition
-------------------------------------------------

Several techniques were suggested for the measurement of cell surface hydrophobicity including contact angle, hydrophobic interaction chromatography and microbial adhesion to hydrocarbon. Most previous studies ([@b3],[@b6],[@b13],[@b17]-[@b20],[@b22]) investigated the role of elemental and molecular composition in cell surface hydrophobicity estimated by different methods. However, attempts to relate the cell surface hydrophobicity to functional groups composition are scarce ([@b6],[@b20]). In this study, we attempt to understand the origin of cell surface hydrophobicity measured by water contact angle on the basis of the functional groups. [Fig. 2](#fig2){ref-type="fig"} presents the correlation between the functional groups composition and water contact angle. We observed that the cell surface hydrophobicity was inversely correlated to the (C-(O,N)) function ([Fig. 2a](#fig2){ref-type="fig"}) and the (OH, C-O-C) function ([Fig. 2b](#fig2){ref-type="fig"}). It was also directly correlated to the (C-(C,H)) function ([Fig. 2c](#fig2){ref-type="fig"}). The results obtained with (C-(O,N)) function were consistent with the results taken from study on *Lactobacillus* ([@b6]). [@b1] have used the hydrophobic interaction chromatography to measure the cell surface hydrophobicity. In agreement with our findings, they showed that this property correlates with (C-(C,H)) function.

![Variation of *E. coli* cell surface hydrophobicity as a function of functional group composition: (a) (C-(O, N)); (b) (OH, CO-C); (c) (C-(C, H))](bjm-39-10-g002){#fig2}

It is generally accepted that the presence of oxygen or nitrogen favour interactions with water molecules (via H-bonds) and should reduce hydropobicity. This could explain the decrease of water contact angle with an increase of (OH, C-O-C) and (C(O,N)) functional groups which contain the oxygen and nitrogen.

According to [@b11], the (OH, C-O-C), (O=C) and (C-(C, H)) functions reflected polysaccharides, proteins and hydrocarbons respectively. Cuperus *et al*. 1992 reported that (C, (O,N)) and (C=O) indicated the presence of polysaccharides and proteins respectively. In order to confirm this hypothesis, we examined the relation between the functional groups and the molecular composition determined previously by using the model constituent ([@b16]). In [Fig. 3](#fig3){ref-type="fig"}, a good correlation was found between polysaccharides, proteins, hydrocarbons and (OH, C-O-C or (C, (O,N)); (C=O); (C-(C, H) respectively. Our results are consistent with literature data regarding functions reflecting polysaccharides, hydrocarbons and proteins. According to [@b1] findings, the increase of cell surface hydrophobicity with C-(C, H) was due to the presence of hydrocarbon. The decrease of cell surface hydrophobicity with the increase of (OH, C-O-C) and (C,(O,N) could be explained by the presence of polysaccharides. These results show that (OH, C-O-C) and (C,(O,N) functions play an important role in the determination of *E. coli* cell surface hydrophilicity. Such findings were in agreement with the previous work reported by other researchers ([@b3],[@b22]) where it was shown that hydrophilicity assessed by water contact angle was related to the presence of polysaccharides.

![Relation between molecular composition and functional groups composition.](bjm-39-10-g003){#fig3}

Our results do not show any relation between (C=O) function and water contact angle. Since this function indicates the presence of proteins, it suggests that proteins do not contribute to the determination of *E. coli* cell surface hydrophobicity. Several groups ([@b5],[@b6],[@b22]) have reported that higher water contact angle is consistent with a larger amount of surface proteins. These reports implies the role of proteins in determining the cell surface hydrophobicity by considering that the nitrogen/carbon (N/C) ratio reflects the proteins and by studying the relation between the N/C ratio and the water contact angle. Our previous work on *E. coli* has also shown that the N/C ratio correlates with water contact angle ([@b17]) but we did not show the role of proteins determined by model constituent in cell surface hydrophobicity. We conclude, therefore, that the parameters reflecting the proteins should be considered with caution. Finally, it can be noted that a better understanding of the origin of the physicochemical properties requires the investigation of the role of all parameters of the surface chemical composition determined by XPS.
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RESUMO
======

Relação entre a composição dos grupos funcionais da superfície de *Escherichia coli* e suas propriedades fisicoquímicas
-----------------------------------------------------------------------------------------------------------------------

Características de superfície de *Escherichia coli,* tais como hidrofobicidade, mobilidade eletroforética e composição dos grupos funcionais de superfície, foram estudadas. Essas características foram determinadas por medidas de angulo de contato com água, microeletroforese e espectroscopia fotoeletrônica de raio-X (XPS), respectivamente. A relação entre as propriedades fisicoquímicas e a composição dos grupos funcionais foi também examinada. Aparentemente, a mobilidade eletroforética em pH 7 é controlada na superfície celular pelos grupos funcionais (O=C). A hidrofilicidade da superfície celular estava associada com altos níveis dos grupos funcionais \[C-(O.N)\] e \[OH-(C-O-C)\], enquanto a hidrofobicidade estava associada com os grupos funcionais \[C-(C,H)\].
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